Objective: To examine the trends and survival for women with early-stage epithelial ovarian cancer who underwent adequate lymphadenectomy during surgical treatment. Methods: This is a retrospective observational study examining the Surveillance, Epidemiology, End Results program between 1988 and 2013. We evaluated 21,537 cases of stage I-II epithelial ovarian cancer including serous (n=7,466), clear cell (n=6,903), mucinous (n=4,066), and endometrioid (n=3,102) histology. A time-trend analysis of the proportion of patients who underwent adequate pelvic lymphadenectomy (≥8 per Gynecologic Oncology Group [GOG] criteria, ≥12 per Collaborative Group Report [CGR] criteria for bladder cancer, and >22 per Mayo criteria for endometrial cancer) and a survival analysis associated with adequate pelvic lymphadenectomy were performed. Results: There were significant increases in the proportion of women who underwent adequate lymphadenectomy: GOG criteria 3.6% to 28.6% ; CGR criteria 2.4% to 22.4% (1988-2013); and Mayo criteria 0.7% to 9.5% (all, p<0.05). On multivariable analysis, adequate lymphadenectomy was independently associated with improved cause-specific survival compared to inadequate lymphadenectomy: GOG criteria, adjusted-hazard ratio (HR) =0.75, CGR criteria, and Mayo criteria, p<0.05). Compared to inadequate lymphadenectomy, adequate lymphadenectomy was significantly associated with improved cause-specific survival for serous , endometrioid (HR range=0.59-0.61), and clear cell types ) (all, p<0.05) but not in mucinous type p>0.05). Conclusion: Quality of lymphadenectomy during the surgical treatment for early-stage epithelial ovarian cancer has significantly improved. Adequate lymphadenectomy is associated with a 15%-25% reduction in ovarian cancer mortality compared to inadequate lymphadenectomy.
INTRODUCTION
While the incidence has been steadily decreasing, ovarian cancer remains the most deadly gynecologic malignancy in the United States [1, 2] . The standard treatment approach for ovarian cancer remains surgery [3] . Surgical quality is an important factor associated with survival for women with ovarian cancer [4, 5] . While conducting a maximal cytoreductive surgery to remove all gross disease is the general principal for advanced-stage ovarian cancer, surgical staging is more important in the management of apparent early-stage disease to identify occult metastasis [3] . A key element of staging includes assessment of pelvic and para-aortic lymph node metastasis by performance of comprehensive lymphadenectomy [3] .
As 5%-20% of women with apparent early-stage ovarian cancer have occult nodal disease, performance of lymphadenectomy is paramount in identifying women with more advancedstage tumors [6] . Women with apparent early-stage ovarian cancer in whom lymphatic metastasis are diagnosed via staging lymphadenectomy are upstaged to advanced-stage disease and require adjuvant therapy [3, 7] . Previous studies have shown that use of lymphadenectomy is associated with decreased mortality in early-stage ovarian cancer [8, 9] . Therefore, performing an adequate lymphadenectomy is paramount in the management of early-stage ovarian cancer.
The adequacy of lymphadenectomy is generally based upon the number of nodes removed. While quality metrics for adequate lymphadenectomy have been defined for various malignancies [10] [11] [12] , studies to examine the importance of adequate lymphadenectomy on survival of women with apparent early-stage ovarian cancer are largely lacking. The objective of our study was to examine the trends in performance and association with survival of adequate lymphadenectomy for women with early-stage ovarian cancer.
MATERIALS AND METHODS
This is a retrospective observational study examined the National Cancer Institute's Surveillance, Epidemiology, and End Results (SEER) program [13] . The SEER program is the largest population-based tumor registry in the United States, and launched in 1973 and covers approximately 28% of the United State population from 11 states and 7 areas. The SEER database is deidentified and publicly available. The study was deemed exempt by the Institutional Review Board at the University of Southern California. The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines were utilized to outline the results of the observational study [14] .
Women with stage I-II epithelial ovarian cancer who had information for the extent of pelvic lymphadenectomy between 1988 and 2013 were analyzed. We examined the 4 most common histologic subtypes of epithelial ovarian cancer: serous, endometrioid, clear cell, and mucinous. Exclusion criteria of the study were women with stage III-IV disease, nonepithelial histology types, epithelial ovarian cancer but not the aforementioned 4 histologic types, lack of information for pelvic lymphadenectomy, borderline ovarian tumors, and metastatic tumors to the ovary. Cases between 1973 and 1987 were also excluded due to lack of detailed information for the extent of lymphadenectomy in the SEER program. SEER*Stat8.3.2 (IMS Inc., Calverton, MD, USA) was used to extract the SEER18 cases. This was generated by the query for "Ovary" limited to "female sex" and "malignancy." The International Classification of Diseases for Oncology third edition site/histology validation and the World Health Organization (WHO) histological classification codes were used for identifying the eligible histology types of ovarian cancer as previously described [15] [16] [17] . Lymphadenectomy performance, the surrogate index of pelvic lymphadenectomy, was based on the coding for the "Regional Nodes" that was introduced in 1988 in the database [13] .
Among the eligible cases, patient demographics (age at diagnosis, race, year of diagnosis, registry area, and marital status), tumor characteristics (cancer stage, histology types, tumor differentiation grade, and tumor size), performance of lymphadenectomy, and survival (cause-specific survival) were abstracted from the database. For lymphadenectomy, use of pelvic lymphadenectomy (yes vs. no) and the number of sampled lymph node among the lymphadenectomy cases were abstracted. The database does not have information for paraaortic lymphadenectomy during the study period.
Recorded cancer stage was based on the American Joint Committee on Cancer 7th surgicalpathological staging classification schema [18] . Cause-specific survival was defined as the time interval between the date of ovarian cancer diagnosis and the date of death from the ovarian cancer. Women who were alive at the last follow-up or who died of other causes were censored. In the SEER program, cause of death is linked with the National Death Index and the state mortality records [19] .
To date, there is no established definition for adequate lymphadenectomy specific for ovarian cancer. Thus, in this study adequacy of lymphadenectomy was assessed using various consensus guidelines: Gynecologic Oncology Group (GOG) criteria [12] , Collaborative Group Report (CGR) criteria [10] , and the Mayo criteria [11] . The GOG Surgical Procedure Manual defines adequate pelvic lymphadenectomy as the removal of at least 8 lymph nodes [12] . The CGR defines removal of at least 10-14 lymph nodes during pelvic lymphadenectomy for bladder cancer [10] , and we used the cutoff of 12 lymph nodes for adequate lymphadenectomy in this study. The Mayo criteria define that >22 lymph nodes to be removed for adequate pelvic lymphadenectomy for endometrial cancer (based on the mean number minus one standard division) [11] . We utilized the criteria from endometrial and bladder cancers because pelvic lymphatic chains are the regional lymph nodes of these tumors, and pelvic lymphadenectomy is a part of standard surgical approach in indicated cases. Inadequate lymphadenectomy in our study was defined as the sampled lymph nodes that do not meet the adequate lymphadenectomy among staged cases.
The primary objective of our analysis was to examine the trends of the proportion of women with early-stage epithelial ovarian cancer who underwent adequate pelvic lymphadenectomy. The secondary objective of analysis was to assess the association between adequate pelvic lymphadenectomy and cause-specific survival of women with stage I-II epithelial ovarian cancer.
In order to examine annual trends in performance of adequate lymphadenectomy, Joinpoint Trend Software (version 4.4.0.0; National Cancer Institute, Bethesda, MD, USA) was used to determine potential changes in temporal trends as described previously [20] [21] [22] . Time duration was grouped every 1 year to provide percent frequency of collected variables. The results were analyzed with linear segmented regression test, and log-transformation was performed to determine annual percent change of the slope with 95% confidence interval (CI) [23] .
Binary logistic regression models were used to identify the independent clinico-pathological factors associated with adequate lymphadenectomy. Patient demographics and tumor characteristics were entered in the final model, and the magnitude of statistical significance was expressed with adjusted-odds ratio (OR) with 95% CI. The Hosmer-Lemeshow test was used to assess the goodness-of-fit in the final model, and a p-value of 0.05 or greater was considered a good-fit model [24] .
Survival curves were constructed with the Kaplan-Meier method, and statistical differences between the curves were assessed by means of a log-rank test. Cox proportional hazards regression models were used to examine the independent association between lymphadenectomy and cause-specific survival; women who underwent adequate lymphadenectomy were compared to those who underwent inadequate lymphadenectomy. In this multivariable analysis, patient demographics, tumor characteristics, and surgical performance were entered in the final model, and the magnitude of statistical significance was expressed with adjusted-hazard ratio (HR) with 95% CI.
In a sensitivity analysis, performance and survival estimates of adequate lymphadenectomy were examined for each histologic subtypes (serous, endometrioid, clear cell, and mucinous). This was based on the rationale that biology and outcome of ovarian cancer differ across the histology types [25] [26] [27] [28] [29] . In addition, the impact of age and lymphadenectomy on survival was examined based on the assumption that older women, defined as 60 years or older per the WHO, are less likely to undergo radical staging surgery for ovarian cancer.
In the multivariable model, the variance inflation factor was determined among covariates in multivariable analysis, and a value of 2 or larger was interpreted as multicollinearity in this study [30] . All statistical analyses were based upon 2-tailed hypotheses, and a p-value of less than 0.05 was considered statistical significant. Statistical Package for Social Sciences (version 24.0; IBM SPSS, Armonk, NY, USA) was used for the analysis.
RESULTS
Among 109,456 cases of ovarian cancer diagnosed during the study period, 100,370 cases had information for pelvic lymph lymphadenectomy. Of those, 69,721 cases were stage III-IV disease or unknown stage, and the remaining 30,649 cases were stage I-II disease with known pelvic lymphadenectomy. After excluding 9,112 cases of other histology types, 21,537 women with stage I-II epithelial ovarian cancer of the 4 aforementioned histology types with available pelvic lymphadenectomy information met the inclusion criteria.
Patient demographics are shown in Table 1 . The most common histology type was serous (n=7,466), followed by clear cell (n=6,903), mucinous (n=4,066), and endometrioid (n=3,102). The median age at diagnosis was 56 years, and the majority of the study population was White (n=16,044, 74.5%) and resided in the Western U.S. (n=11,679, 54.2%). The majority of ovarian cancer patients in the study had stage I disease (n=15,714, 73.0%) and had high-grade tumors (n=6,589, 30.6%).
Performance of pelvic lymphadenectomy was assessed ( Table 1) . There were 13,115 (60.9%, 95% CI=60.2-61.5) women who underwent pelvic lymphadenectomy. Among those who underwent pelvic lymphadenectomy, the median number of sampled lymph nodes was 11 The trend of adequate lymphadenectomy was examined per calendar year (Fig. 1) . There were significant increases in the proportion of women who underwent adequate lymphadenectomy during the study period across all 3 criteria: the GOG criteria 3.6% to 28.6% between 1988-2010 (Fig. 1A) ; the CGR criteria 2.4% to 22.4% between 1988-2013 (Fig. 1B) ; and the Mayo criteria 0.7% to 9.5% between 1988-2013 ( Fig. 1C) (all, p<0.05). Proportion of adequate lymphadenectomy exceeded inadequate counterpart in 1996 per the GOG criteria and in 2012 per the CGR criteria. On multivariable analysis ( Table 2 ), recent year diagnosis was the most significant factor for adequate lymphadenectomy in the 3 models (all, p<0.001). Older women were less likely to have adequate lymphadenectomy.
The median follow-up of the censored cases was 7.1 years. There were 3,699 (17.2%) women who died of ovarian cancer in this study population. On univariable analysis, the extent of lymphadenectomy was significantly associated with cause-specific survival with women who had adequate lymphadenectomy having the highest 10-year cause-specific survival rate followed by those who had inadequate lymphadenectomy and those who did not undergo lymphadenectomy in the 3 criteria: the GOG criteria, 84.1%, 79.4%, and 70.1% (p<0.001); the CGR criteria, 84.9%, 80.3%, and 70.1% (p<0.001); and the Mayo criteria, 84.6%, 81.9%, and 70.1% (p<0.001), respectively.
On multivariable analysis (Table 3) , adequate lymphadenectomy was independently associated with improved cause-specific survival compared to inadequate lymphadenectomy: adjusted-HR=0.75, 95% CI=0.68-0.83 per the GOG criteria (p<0.001); adjusted-HR=0.77, 95% CI=0.70-0.85 per the CGR criteria (p<0.001); and adjusted-HR=0.85, 95% CI=0.74-0.97 per the Mayo criteria (p=0.018). When compared to inadequate lymphadenectomy, absence of any lymphadenectomy was independently associated with increased ovarian cancer mortality by 45%-66% (all, p<0.001).
When the impact of lymphadenectomy on survival was examined by patient age (Supplementary Table 1 ), absolute differences in 5-year survival rates between unstaged, inadequately staged, and adequately staged cases were increased in elderly women compared to non-elderly women. Unstaged elderly women had the poorest survival among the groups.
Clinico-pathological demographics across the 4 histology types are shown in Supplementary  Table 2 . Women with serous histology were significantly older compared to other histology types (p<0.001). Performance of pelvic lymphadenectomy was examined based on histology ( Table 4) . Across the 4 histologic types examined, women with endometrioid histology were more likely to undergo lymphadenectomy (71.4%) followed by clear cell carcinomas (67.8%). Conversely, only approximately half of women with serous (53.7%) or mucinous (54.4%) histologic types underwent lymphadenectomy (p<0.001). Among women who underwent pelvic lymphadenectomy, women with endometrioid or clear cell histology had the highest number of nodes sampled (median 12, IQR=14) whereas those who had mucinous had the lowest (median 10, IQR=13) (p<0.001). Women with endometrioid histology type were more likely to undergo adequate lymphadenectomy where as those with mucinous type were the least likely per the 3 criteria examined (all, p<0.001). An association between adequacy of pelvic lymphadenectomy and cause-specific survival was examined for each histologic type ( Table 5 and Fig. 2 ). Compared to women who had inadequate lymphadenectomy, women who had adequate lymphadenectomy had improved cause-specific survival for serous (the GOG criteria, HR=0.67; and the CGR criteria, HR=0.73), endometrioid (the GOG criteria, HR=0.61; and the CGR criteria, HR=0.59), and clear cell (the GOG criteria, HR=0.67; the CGR criteria, HR=0.73) tumor types (all, p<0.001). Per the Mayo criteria, adequate lymphadenectomy was associated with improved causespecific survival in clear cell type (HR=0.66; p=0.004) but not in serous and endometrioid Adequate lymphadenectomy for early ovarian cancer Adequate lymphadenectomy for early ovarian cancer the 3 criteria (all, p<0.001). For endometrioid tumors, women who had inadequate pelvic lymphadenectomy had ovarian cancer mortality rates similar to those who did not undergo pelvic lymphadenectomy per the GOG criteria and the CGR criteria (both, p>0.05) but not per the Mayo criteria (p<0.001).
DISCUSSION
This study noted that proportion of women with early-stage ovarian cancer who underwent adequate lymphadenectomy has been significantly increased over time and that women with early-stage ovarian cancer who had adequate lymphadenectomy had improved survival compared to those who had inadequate lymphadenectomy. The beneficial effects of lymphadenectomy were however not seen in mucinous type.
The benefit of an adequate lymphadenectomy likely stems from the greater chance of diagnosing advanced-stage disease when a greater number of nodes are removed by identifying the occult metastasis (stage-shifting). This may be particularly important as many 10/15 https://ejgo.org https://doi.org/10.3802/jgo.2018.29.e69
Adequate lymphadenectomy for early ovarian cancer women with early-stage ovarian cancer would not undergo chemotherapy (e.g., stage IA-B grade 1 disease) or would be administered fewer cycles of chemotherapy than those with advanced-stage neoplasms [3, 6] .
The survival benefit of adequate lymphadenectomy decreased slightly when a higher nodal cut-point was utilized (cause-specific mortality: 25% reduction with cutoffs of 8-12 nodes vs. 15% reduction with >22 nodes). This may imply that at least 8-12 nodal resection is sufficient enough to identify one nodal metastasis in early-stage ovarian cancer. This statistic is somehow similar to a recent nation-wide cohort study reporting that ≥10 nodes are recommended to be removed for early-stage ovarian cancer [31] . Histology type-specific cause-specific survival. Cause-specific survival curves are shown for serous, endometrioid, clear cell, and mucinous ovarian carcinomas based on the 3 criteria (GOG, CGR for bladder cancer, and Mayo Clinic criteria for endometrial cancer). CGR, Collaborative Group Report; CSS, cause-specific survival; GOG, Gynecologic Oncology Group.
Contrary, this recommended nodal resection number is fewer compared to endometrioid endometrial cancer where 21-25 [32] or >22 nodes [11] are suggested to remove to detect one nodal metastasis. This difference likely represents that nodal spread in early-stage ovarian cancer is more frequent (14.2% per 14 studies) [33] than endometrioid endometrial cancer (4.4%-6.0%) [32, 34] , requiring less nodal resection to identify one metastasis in this disease spectrum.
When lymphadenectomy was examined for each histologic subtype, we found that adequate lymphadenectomy was associated with a survival benefit for serous, endometrioid, and clear cell tumors. For endometrioid tumors, inadequate lymphadenectomy was associated with a similar survival as non-lymphadenectomy. Thus, maximizing efforts to perform adequate lymphadenectomy is paramount in endometrioid tumors. In contrast, in mucinous type there was no survival benefit associated with performance of lymphadenectomy. Mucinous ovarian carcinoma has a substantially lower incidence of nodal metastasis [35] , likely blunting the impact of nodal count on survival and accounting for low rates of performance of lymphadenectomy in the mucinous histology group. Lymphadenectomy was also performed less frequently in the serous histology group. Women with serous histology were found to be significantly older, and age was an independent clinical factor associated with decreased utilization of lymphadenectomy ( Table 2 ).
The proportion of women who underwent adequate lymphadenectomy increased during the study period. This finding is consistent with a prior analysis of this database in that extent of lymphadenectomy in ovarian cancer has been improving [32] . Because their study was conducted more than a decade ago and analyzed mainly cases in 1990s, our study demonstrates that the trend toward removal of more nodal tissue has continued. It is unknown why surgical performance of pelvic lymphadenectomy has improved over time. It is speculated that increasing surgeon awareness of the importance of surgical staging for apparent early-stage epithelial ovarian cancer and improvements in preoperative assessment to differentiate benign vs. malignant ovarian tumors with appropriate referral to gynecologic oncologists may likely responsible for this trend.
Strengths of this study are that we analyzed the largest population-based tumor registry in the United States. This study examined multiple criteria for adequate lymphadenectomy demonstrating the consistency in the results that served as internal validations. In addition, histology-specific analysis provides useful information in the management of early-stage ovarian cancer.
We also recognize a number of important limitations. There was undoubtedly selection-bias in the decision to perform lymphadenectomy as well as for the extent of resection. Preferential performance of the procedure in lower risk women may have influenced our findings. Similarly, we lack information on use of postoperative chemotherapy, medical comorbidities particularly obesity, surgeon type, quality of care, and hospital volume and type, factors that have all been previously associated with survival for ovarian cancer [36] [37] [38] . These factors may affect not only survival, but also the extent of lymphadenectomy. This database also does not have information for sequelae of lymphadenectomy, such as lymphedema, or surgical complications related to lymphadenectomy [39] . Therefore, composite endpoint assessment including survival, postoperative complications, and quality of life were not able to be assessed in this study. Adequate lymphadenectomy for early ovarian cancer count based on the protocol for pathologic evaluation of submitted tissue [40] [41] [42] . Similarly, central pathology review was not performed to distinguish high-grade tumors from lowgrade tumors with serous histology. However, low-grade serous ovarian carcinoma is a rare tumor, and in the serous histology group, less than 5% were described as grade 1 [21] . Thus, most of the serous tumors in this study are likely high-grade. Last, this study only examined resected lymph node number, and extents of anatomical sites, laterality, or anatomical boundary of resected areas were not evaluable. Thus, it is unknown if the lymphadenectomy was performed only in the limited area of nodal bed or in the hemi-pelvis. Likewise, we lack information on performance of para-aortic lymphadenectomy and other staging procedures.
These data have important implications for women with apparent early-stage ovarian cancer. First, this study endorses the importance of adequate lymphadenectomy to assess the lymphatic metastasis particularly in cases in which adjuvant therapy may be omitted or altered. Second, these findings suggest that the extent of lymphadenectomy may be tailored based on histology. In this scenario women with mucinous tumors may not require an extensive nodal assessment whereas a more extensive nodal evaluation is of greater importance for other epithelial tumors. Importantly, adequate lymphadenectomy in earlystage ovarian cancer needs to be defined particularly based on histology types as our study suggests that nodal spreading patterns may possibly differ across the histology types.
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